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1. Introduction
Zinc is one of the most widespread metals on Earth.
It occurs naturally in the environment at moderate
levels and is essential for humans to function prop-
erly. Its deficiency in the human body has a detri-
mental effect on growth and immunity. However,
there are some aquatic species that seem very sensi-
tive to zinc ions, so some soluble zinc compounds
have been classified as toxic to aquatic species.
Since April 2004, the European Union has classi-
fied zinc oxide (ZnO) as dangerous for the environ-
ment and has legislated that its application in
rubber technology be reduced and controlled [1].
From an ecological point of view, ZnO content
must be kept as low as possible.
Zinc oxide is one of the basic components of rubber
compounds. It acts as an activator for rubber
crosslinking by sulphur or sulphur donors [2, 3],
increasing the amount of bound sulphur and the
efficiency of the crosslinking system [4]. The
mechanism of the crosslinking process in the pres-
ence of ZnO is well known: it reacts with accelera-
tors to form highly active zinc salt [5]. Complexes
of Zn2+ ions with accelerators are believed to be
more reactive than the free accelerator and allow
sulphur insertion to occur more rapidly [6]. Next,
the complexes interact with sulphur or sulphur
donors, generating the active sulphurating agent,
which reacts with allylic sites of rubber chains to
form crosslink precursors [7]. Forming these rubber
bound intermediates is a key stage in accelerated
sulphur vulcanization. The crosslink precursor can
react with another polymer chain to generate a
crosslink.
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Abstract. The goal of this work was to apply several zinc chelates as activators for sulphur vulcanization of acrylonitrile-
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crosslinking process. According to Nieuwenhuizen
[8], the surface of ZnO acts both as a reactant and a
catalytic reaction template, by activating and bring-
ing together reactants. The particles of accelerators,
sulphur, and fatty acids diffuse through the polymer
matrix and are adsorbed on the surface of zinc
oxide, forming intermediate complexes. From this
point of view, the dispersion of ZnO in the elas-
tomer matrix is the most important parameter.
Mark  et al. [9] proved that adding zinc oxide
affects different stages of the vulcanization process.
It increases the rate of formation of the crosslink
precursors, but also decreases the rate of final
crosslink formation. Chapman and Porter [10]
investigated the role of the zinc activator in acceler-
ated vulcanization of natural rubber (NR). Accord-
ing to their studies, zinc oxide has little effect on
the vulcanization rate, but increases the crosslink-
ing efficiency. Moreover, when zinc oxide is pres-
ent, sulphuration is mainly caused by substituting
allylic hydrogen atoms, rather than by combining
substitution and addition to the C=C double bonds.
In this way, crosslink shortening is catalyzed, a
network with a greater proportion of mono- and
disulphidic crosslinks is formed, and the reversion
is reduced. The presence of zinc oxide also leads to
a small increase in scorch safety and cure time [1].
Zinc oxide can also be used as a crosslinking agent,
e.g., of carboxylic rubbers [5, 11] and elastomers
containing halogen groups [12]. Moreover, ZnO is
sometimes applied as filler in elastomers, although
some technological problems are encountered dur-
ing preparation of mixtures (weak dispersion) [13].
There is also evidence that zinc oxide has a signifi-
cant influence on physical properties of vulcan-
izates, such as heat build-up and abrasion resist-
ance.
Since zinc cations from zinc oxide react with accel-
erators and cause active zinc-accelerator complexes
(the key step in the vulcanization process), in order
to increase the activity of zinc oxide, the availabil-
ity of zinc ions should be increased. Due to the
crystalline structure of ZnO, some ions are inside
crystals and have limited accessibility. In order to
reduce the amount of zinc compounds in rubber
technology, it is necessary to incorporate more
chemically active zinc into the elastomer matrix, in
the form of reactive complexes.
In this work, we applied zinc chelates with 1,3-
diketones as activators for crosslinking of acry-
lonitrile-butadiene rubber (NBR). It is believed that
zinc chelates can be dispersed more easily in the
elastomer matrix and that the accessibility of zinc
ions is higher, although applications of such activa-
tors have not yet been reported.
2. Experimental section
2.1. Materials
Acrylonitrile-butadiene rubber NBR (Nipol DN
4050) containing 40 wt% of acrylonitrile was
obtained from Zeon-Europe GmbH. Its Mooney
viscosity was (ML1+4 (100°C): 46–60). It was
cured with sulphur in the presence of 2-mercapto-
benzothiazole (MBT). Nanosized zinc oxide with
specific surface area 42.5 m2/g and average particle
size 234 nm (Qinetiq Nanomaterials Limited,
Hampshire) together with stearic acid (Sigma-
Aldrich) was applied as standard activator. As new
activators of sulphur vulcanization, zinc chelates
with 1,3-diketones as well as zinc acetylacetonate
(Riedel-de Haën) were used. Zinc chelates with
1,3-diketones were synthesized using commer-
cially available diketones according to the follow-
ing procedure. Diketone was dissolved in acetone,
then the water solution of potassium hydroxide was
added to form potassium salt of diketone. The mix-
ture was heated until it started to boil and water
solution of zinc chloride was added. Afterwards,
the mixture was heated for 1 h forming a precipitate
of zinc chelate. The structures of the zinc com-
plexes are given in Figure 1.
2.2. Preparation and characterization of
rubber compounds
Rubber compounds with the formulations given in
Table 1 were prepared using a laboratory two-roll
mill. The samples were cured at 160°C until they
developed a 90% increase of torque (measured
using oscillating disc rheometer produced by
ZACH METALCHEM). The tensile properties of
vulcanizates were determined according to ISO-37
with a universal machine ZWICK 1435. The
crosslinking density of vulcanizates was deter-
mined by equilibrium swelling in toluene, based on
the Flory-Rehner equation [14] using Huggins
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0.381 + 0.671Vr (Equation (1)):
(1)
where νe crosslinking density, Vr volume fraction
of elastomer in swollen gel, V0 molar volume of
solvent [mol/cm3].
2.3. Surface properties of zinc chelates
The surface properties of zinc chelates were deter-
mined based on zeta potential measurements using
a Zetasizer 2000 apparatus. The zeta potentials of
zinc complex suspensions in water were measured
as a function of pH. The concentration of suspen-
sions was 0.02 g/l, and the pH was adjusted by
adding HCl or NaOH solution.
2.4. Stability of zinc complexes
Stability of the examined zinc complexes was esti-
mated based on the heat of zinc complex formation,
which was calculated using HyperChem Release 7
software. It allowed to explore the structure and
stability of zinc complex molecules using quantum
mechanics. The HyperChem was used to create the
starting geometries and refine molecular configura-
tions of zinc complex structure. The molecules
were constructed and converted to 3D structures.
Next, the torsion angles between molecules frag-
ments were varied and a full optimization of the
structure geometry was performed to find the most
stable one, which exhibits the lowest energy. After
geometry optimization, the semi-empirical method
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Figure 1. Zinc containing activators: a) zinc acetylacetonate AAC-Zn, b) zinc 1,3-diphenylpropane-1,3-dione BM-Zn,
c) zinc 1-(4′-t-butylphenyl)-3-phenylpropane-1,3-dione BBM-Zn, d) zinc 1-(4′-methoxyphenyl)-3-phenyl-
propane-1,3-dione MBM-Zn, e) zinc 1-(4′-t-butylphenyl)-3-(4″-methoxyphenyl)propane-1,3-dione MBBM,
f) zinc 1,3-bis-(4′methoxyphenyl)propane-1,3-dione MMBM-Zn
Table 1. Composition of the NBR based rubber compounds [phr]
where a – BM-Zn, b – BBM-Zn, c – MBM-Zn, d – MBBM-Zn, e – MMBM-Zn, f – AAC-Zn
Compound M1 M2 M3 M4 M5 M6 M7
NBR 100 100 100 100 100 100 100
Sulphur 2 2 2 2 2 2 2
Accelerator (MBT) 2 2 2 2 2 2 2
Nano ZnO 2 – – – – – –
Stearic acid 2 – – – – – –
Zinc chelates – 3a 3b 3c 3d 3e 2fAM1 was applied to calculate the heat of formation
of the possible zinc complex molecular structures.
2.5. Heterogeneity of elastomer network
The distribution of crosslinks in the elastomer net-
work was estimated based on solvent freezing point
depression of solvent confined in the polymer gel.
Thermograms of solidification were recorded on a
Differential Scanning Calorimetry (DSC) instru-
ment (Perkin-Elmer DSC 7) by decreasing the tem-
perature from 30 to –90°C at a rate of 10°C/min.
Prior to this measurement, samples were swollen in
benzene for 24 hours [15].
2.6. Dispersion of zinc chelates in elastomer
matrix
The distribution of activator particles (zinc oxide
and zinc complexes) was estimated using Scanning
Electron Microscopy with a SEM microscope
LEO 1530.
3. Results and discussion
3.1. Surface properties of zinc complexes
The zeta potential is an electrokinetic potential
measured on the surface of a particle in solution. A
charged surface results in the formation of an elec-
tric double layer, and the zeta potential is the poten-
tial between the charged surface and the electrolyte
solution [16]. We examined the zeta potential of
water-zinc chelates suspensions versus pH (Fig-
ure 2).
From the zeta potential measurements, we deter-
mined the isoelectric point (IEP) of zinc chelates.
IEP is the pH value at which the zeta potential is
equal zero. It is not a description of the absolute
basicity or acidity of solid surface, but a description
of their relative strength. A high IEP value indi-
cates that the surface shows more basic functional-
ity compared with its acidic functionality. On the
contrary, a low IEP surface reveals less basic func-
tionality comparing with its acidic functionality
[13]. IEP is mainly related to the Brönsted acid-
base definition. The higher IEP corresponds to
stronger affinity to protons. However, IEP is also a
measure of Lewis acidity or basicity, because when
the oxide surface adsorbs a proton, the electron (or
electron density) is transferred from oxygen to pro-
ton. Therefore, a strong proton acceptor is also a
strong electron donor [16].
The isoelectric point (IEP) of zinc oxide was deter-
mined at pH 3.8, whereas the IEP for zinc chelates
was determined within the pH range from 4.2 (for
BM-Zn) to 5.8 (for MBM-Zn) and at pH 8.7 for
zinc acetylacetonate AAC-Zn. This indicates acid
properties of zinc complex surfaces (especially
BM-Zn and BBM-Zn), similar to pure ZnO (the
isoelectric point is about pH 3.7; a negative zeta
potential was determined in almost the whole range
of measured pH) and basic properties of zinc
acetylacetonate (a positive zeta potential and IEP at
pH 8.7). Results are given in Table 2.
It should be noticed that zinc complexes with the
most similar to zinc oxide surface properties exhib-
ited the highest activity in crosslinking process.
This could be due to their similar ability to interact
with other components of crosslinking system
(accelerator, sulphur) or with elastomer matrix.
3.2. Stability of zinc complexes
The stability of zinc complexes is considered to
determine the effectiveness of zinc ions and the ten-
dency of complexes to form intermediate active
sulphurating agents during vulcanization. We there-
fore calculated the heat of zinc complex formation.
It is known that the higher the heat of formation,
the lower the stability of the compound. We also
estimated the stability of a zinc complex with accel-
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Figure 2. Zeta potential of zinc chelates
Table 2. Isoelectric points of zinc complexes
Zinc complex Isoelectric point (IEP)
Nano ZnO 3.7
BM-Zn 4.2
BBM-Zn 4.9
MBM-Zn 5.8
MBBM-Zn 5.3
MMBM-Zn 5.7
AAC-Zn 8.7erator (2-mercaptobenzothiazole), which is formed
during vulcanization when zinc oxide is present in
the rubber compound (see results in Table 3).
In the more stable chelates, zinc ions have a
reduced availability and lower tendency to form the
zinc-accelerator complex during vulcanization
process. Therefore, due to the lowest stability of
1,3-diphenylpropane-1,3-dione and 1-(4′-t-butyl-
phenyl)-3-phenylpropane-1,3-dione (BM-Zn and
BBM-Zn respectively), these were expected to
influence the crosslinking process the most.
Zinc complexes exhibit lower heat of formation
and higher stability than Zn-MBT complex, which
is formed when zinc oxide is used as activator.
Therefore, this system should be more accelerated
than BM-Zn or BBM-Zn. However, the reduced
availability of zinc ions in ZnO crystals comparing
to zinc chelates causes the decrease in the rate of
formation of zinc-accelerator complex during vul-
canization process. As a result the cure rate of rub-
ber compounds containing zinc oxide is smaller
than BM-Zn or BBM-Zn chelates.
3.3. Effect of zinc complexes on vulcanization
The influence of zinc chelates on the cure charac-
teristics of rubber compounds was estimated based
on rheometer measurements. The cure characteris-
tics of NBR compounds with different activators
are given in Table 4 and Figure 3.
Applying zinc chelates resulted in a higher cure rate
compared to the conventional ZnO system, despite
the fact that the zinc ion content in the cure system
is several times smaller (Table 5). We believe that
the increase in cure rate may be due to better avail-
ability of zinc ions in zinc complexes than in zinc
oxide crystals. The zinc ions trapped in a crystal of
ZnO are not used for crosslinking due to their lim-
ited accessibility. From this point of view, the
crystal structure of ZnO is the most important
parameter. The most common crystal structure of
ZnO is wurtzite (zincite) [17], which has a hexago-
nal geometry, with each zinc atom surrounded by a
tetrahedron of oxygen atoms. The whole structure
consists of an interconnected network of tetrahe-
dra. Based on ZnO lattice parameters [18], the
amount of zinc ions available in a single crystal is
estimated to be 1.8 mmole/g of ZnO. Therefore, the
calculated amount of Zn2+ available for interaction
with sulphur and accelerators in examined rubber
compound is 3.6 mmole Zn2+/100 g of elastomer.
Moreover, Zn2+ ions in the ZnO nanoparticle are
strongly connected to the crystal structure, and are
less likely to form intermediate active sulphurating
agents that can be observed during vulcanization.
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Figure 3. Rheometer isotherms of NBR compounds con-
taining zinc complexes
Table 3. Heat of zinc complex formation
Zinc complex Heat of formation [kJ/mol]
BM-Zn 206.5
BBM-Zn 140.9
MBM-Zn –114.8
MBBM-Zn –271.7
MMBM-Zn –437.0
AAC-Zn –395.1
Zn-MBT 544.5
Table 4. Cure characteristics of NBR compounds
ΔG – increment of torque in the rubber compound during vulcan-
ization; t90 – optimal vulcanization time; n – order of the
crosslinking reaction; k – the constant of the vulcanization rate
Compound
Δ ΔG
[dNm]
t90
[min]
n
k·103
[s–1]
NBR/nano ZnO 68.0 70 2 07.0
NBR/BM-Zn 24.9 25 2 76.2
NBR/BBM-Zn 24.0 20 2 84.0
NBR/MBM-Zn 40.8 60 2 13.3
NBR/MBBM-Zn 63.2 75 2 05.4
NBR/MMBM-Zn 54.6 50 2 20.3
NBR/AAC-Zn 38.8 50 2 18.5
Table 5. Zinc content in zinc complexes applied in rubber
compounds
Activator
Zn2+ content
in activator
[mmole/g]
Zn2+ content in
rubber compound
[mmole/100 g NBR]
ZnO (in bulk) 12.3 24.6
ZnO (on crystal surface) 01.8 03.6
BM-Zn 02.0 06.0
BBM-Zn 01.6 04.8
MBM-Zn 01.7 05.2
MBBM-Zn 01.5 04.5
MMBM-Zn 01.6 04.8
AAC-Zn 03.8 07.6For vulcanization rate, the most effective activators
seemed to be BM-Zn and BBM-Zn (Table 4). For
rubber compounds containing these activators the
shortest times of vulcanization and simultaneously
the highest constants of vulcanization rate were
determined. The lower efficiencies of AAC-Zn,
MBM-Zn, MBBM-Zn and MMBM-Zn are proba-
bly related to the high stability of these complexes.
In the cases of MBBM-Zn and MMBM-Zn, the
steric hindrance of methoxy groups and t-butyl
chains in a complex molecule (see Figure 1), which
reduces the availability of zinc ions to form the
zinc-accelerator complex, may also cause the lower
efficiency of these complexes in vulcanization.
According to Heideman et al. [7] different reactivi-
ties of zinc complexes result from their different
basicity. The alkaline character of activator acceler-
ates the sulphur vulcanization of rubber. Methoxy
and t-butyl groups are known for their electron-
withdrawing and electron donating abilities, which
could affect the strength of the coordination bonds
in the zinc complexes and therefore, the degree of
their ionic nature. However, considering the struc-
ture of all zinc chelates with 1,3-diketones as well
as the results of zeta potential measurements, which
confirmed quite similar acid-base properties of zinc
chelates, we concluded, that the main reasons of
their different reactivity in crosslinking process are
differences in complexes stability and availability
of zinc ions in zinc complex molecule.
The considerably lower torque that was observed
for compounds with zinc chelates had no detrimen-
tal effect on the physical properties of obtained vul-
canizates.
3.4. Crosslink density of vulcanizates and
the distribution of crosslinks in elastomer
network
We analyzed the influence of different zinc activa-
tors on the crosslink density of NBR vulcanizates.
The crosslink density was determined by equilib-
rium swelling of vulcanizates in toluene. Results
are given in Table 6.
From the data presented, it follows that applying
zinc complexes as activators in sulphur vulcaniza-
tion of NBR had a detrimental effect on the
crosslink density. The calculated values of crosslink
density confirmed that the most effective zinc com-
plexes in vulcanization were BM-Zn and BBM-Zn.
This seems even more important when we realize
that the content of Zn2+ ions in 1 phr of BM-Zn and
BBM-Zn is about six times smaller than in 1 phr of
applied nanosized zinc oxide. A considerable
decrease in crosslink density compared to conven-
tional ZnO was observed when MBM-Zn, MBBM-
Zn and MMBM-Zn were used as activators. The
highest activity of BM-Zn and BBM-Zn chelates in
vulcanization was also confirmed by the calculated
values of crosslinking efficiency (Table 6). Only
BM-Zn and BBM-Zn chelates allowed to achieve
the crosslinking efficiency comparable with nano-
sized zinc oxide.
Apart from crosslink density, the distribution of
crosslinks and the presence of defects in the elas-
tomer network have a great importance as far as the
mechanical properties of vulcanizates are con-
cerned [19]. In other words, not only the number of
crosslinks, but also their distribution and spatial
arrangements contribute to the network mechanical
performance. From a mechanical point of view, the
heterogeneous distribution of crosslinks in the elas-
tomer network is supposed to have a detrimental
effect on mechanical properties of vulcanizates if
we assume that densely crosslinked domains of the
network concentrate stresses under external strain
and initiate breaking of the sample. Therefore, vul-
canizates with homogeneous structure exhibit
higher tensile strength [20]. Vilgis and Henrich
[21] postulated that heterogeneity of the network
strongly affects the vulcanizate behavior under
high strain and therefore, such mechanical proper-
ties as tensile strength and elongation at break. In
less crosslinked part of the network the distribution
of stress in crosslinked sample can be more effec-
tive as a result of stress relaxation. The propagation
of microcracks within these areas could be hin-
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Table 6. Crosslink density of NBR vulcanizates containing
zinc complexes
Qw – equilibrium swelling of vulcanizate in toluene;
νe – crosslink density of vulcanizate; E – crosslinking efficiency
Vulcanizate Qw
ν νe·103
[mole/cm3]
E [crosslinks/mole
of sulphur]
NBR/nano ZnO 1.34 11.7 1.50
NBR/BM-Zn 1.42 11.0 1.41
NBR/BBM-Zn 1.39 11.3 1.45
NBR/MBM-Zn 1.64 09.4 1.21
NBR/MBBM-Zn 1.62 09.6 1.23
NBR/MMBM-Zn 1.63 09.5 1.22
NBR/AAC-Zn 1.51 10.3 1.32dered and microcracks could rise only under higher
stresses and deformations. As a result materials
tensile strength and elongation at break increase.
The crosslink distributions in an NBR matrix were
estimated based on freezing point depression of
solvents confined in a polymer gel. It is a simple
method to determine network structure in rubber
composites. The freezing point depends on the con-
ditions required for the formation of crystalline
nuclei, that is limited by elastomer network restric-
tions and limitations in movement of polymer
chains. From the data presented in Figures 4–8, it
follows that the freezing point depression of sol-
vent in swollen elastomer network depends on the
crosslink structure. Two peaks were observed on
DSC curves. The first, detected at (–6°C), is due to
the crystallization of free benzene. The other corre-
sponds to the crystallization of benzene entrapped
in the swollen gel; its position depends on the
crosslink density. The peak of confined solvent is
shifted towards a lower temperature compared to
the free benzene peak. In the case of vulcanizates
crosslinked in the presence of zinc complexes (Fig-
ures 4–8), the peak of benzene entrapped in the
swollen network is shifted towards higher tempera-
tures compared to a vulcanizate containing conven-
tional zinc oxide. This behavior corresponds to a
decrease of network density, which agrees with the
spatial structure parameters of vulcanizates given
in Table 6. Moreover, broadening of solidification
peaks suggests broadening of the distribution of
mesh sizes.
According to Baba [15], the peak position of the
solvent confined in the polymer gel is directly
related to the radius of the mesh (Rp) by the Equa-
tion (2):
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Figure 4. DSC thermogram of swollen NBR vulcanizates
containing: zinc oxide (continuous line), BM-Zn
chelate (broken line)
Figure 5. DSC thermogram of swollen NBR vulcanizates
containing: zinc oxide (continuous line), BBM-
Zn chelate (broken line)
Figure 6. DSC thermogram of swollen NBR vulcanizates
containing: zinc oxide (continuous line),
MBM-Zn chelate (broken line)
Figure 7. DSC thermogram of swollen NBR vulcanizates
containing: zinc oxide (continuous line),
MMBM-Zn chelate (broken line)
Figure 8. DSC thermogram of swollen NBR vulcanizates
containing: zinc oxide (continuous line),
AAC-Zn complex (broken line)(2)
where ΔT = T0 – T; T0 is the triple point tempera-
ture of solvent; and A, B are constants depending on
the solvent.
The radius of the mesh is proportional to the molec-
ular weight of the network between crosslinks Mc.
Therefore, to analyze the vulcanizate structures, we
estimated the distribution of molecular weights
between crosslinks. Results are presented in Fig-
ure 9.
Parameter I corresponds to the molecular weight of
the network between crosslinks and was estimated
based on the peak intensity of benzene confined in
a swollen gel. The data presented in Figure 9 indi-
cates that the distribution of crosslinks in the elas-
tomer network resembles a Gaussian distribution.
However, broadening of the crosslink distribution
was observed for vulcanizates obtained with AAC-
Zn, BM-Zn and MBBM-Zn zinc complexes. There-
fore, it can be concluded that the elastomer net-
works obtained using these zinc chelates are more
heterogeneous than those formed with zinc oxide as
the activator. On the contrary the crosslinks distri-
bution in vulcanizates with MBM-Zn and MMBM-
Zn complexes was narrower. Vulcanizates with
heterogeneous networks exhibited considerably
higher tensile strength (see results in Table 7).
Therefore, the heterogeneity of the network helps
improve the vulcanizate mechanical properties.
3.5. Mechanical properties of vulcanizates
Having established the effect of zinc chelates on the
vulcanization of rubber compounds, we then exam-
ined the mechanical properties of vulcanizates.
Results are given in Table 7.
From the data compiled in Table 7, it follows that
applying zinc chelates considerably increased the
tensile strength of vulcanizates compared to using
conventional ZnO. The stress at a relative elonga-
tion of 300% slightly decreased, which may be a
result of the crosslink density decrease. It is worth
noticing that vulcanizates containing zinc com-
plexes have a higher elongation at break correspon-
ding to their higher elasticity.
As far as the tensile strength of vulcanizates is con-
cerned, the most effective appeared to be zinc
acetylacetonate, BM-Zn and BBM-Zn complexes,
much like the cure characteristics presented in the
previous section. These zinc complexes contain
higher Zn2+ ion content and have the best availabil-
ity of these ions as well. However, using MMBM-
Zn and MBM-Zn especially had a detrimental
effect on the tensile strength of vulcanizates. The
explanation for the deterioration of mechanical
properties may be: difficult availability of zinc ions
in chelates due to steric hindrance, lower content of
Zn2+ ions compared to other complexes, the pres-
ence of methoxy groups in the complex molecule
as well as homogeneity of elastomer network
(according to DSC thermograms in Figures 6
and 7). It should be noticed that vulcanizate con-
taining MBBM-Zn exhibited high tensile strength
and elongation at break despite lower zinc ions
content and the presence of methoxy groups. It
could be a result of network heterogeneity. This
observation confirmed that elastomer network het-
erogeneity caused the improvement of vulcanizates
physical properties.
3.6. Dispersion of zinc chelates in elastomer
matrix
Assuming that the particles of accelerators, sul-
phur, and fatty acids diffuse through the polymer
B
T
A
Rp +
Δ
−
=
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Figure 9. Distribution of molecular weights (I) between
network crosslinks in vulcanizates containing
zinc complexes
Table 7. Mechanical properties of NBR vulcanizates con-
taining zinc complexes
SE300 – stress at 300% relative elongation; TS – tensile strength;
EB – elongation at break
Vulcanizate
SE300
[MPa]
TS
[MPa]
EB
[%]
NBR/nano ZnO 2.7 10.3 541
NBR/BM-Zn 2.1 16.8 621
NBR/BBM-Zn 2.3 15.6 609
NBR/MBM-Zn 1.7 9.2 724
NBR/MBBM-Zn 1.3 13.8 766
NBR/MMBM-Zn 1.5 12.7 721
NBR/AAC-Zn 2.6 15.0 706matrix and are adsorbed on the surface of zinc
oxide forming intermediate complexes [6], the dis-
persion of zinc oxide particles in the elastomer
matrix has a great importance as far as the activa-
tion of sulphur vulcanization is concerned. SEM
images of the vulcanizate surfaces were taken to
estimate the dispersion of activator particles in the
elastomer (Figures 10a–10f).
ZnO nanoparticles are poorly dispersed in the elas-
tomer matrix and therefore are not homogeneously
distributed (Figure 10a). They create microsized
clusters of particles (agglomerates) with complex
structures. Additionally, the tendency of zinc oxide
nanoparticles to agglomerate in the elastomer
matrix was confirmed by rheological studies of
zinc oxide suspensions in paraffin oil (model of
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Figure 10. SEM images of NBR vulcanizates a) with nanosized ZnO, b) with BM-Zn, c) with MBM-Zn, d) with
MBBM-Zn, e) with MMBM-Zn, f) with zinc acetylacetonate AAC-Znelastomer matrix), presented in our previous work
[22]. The agglomeration of zinc oxide particles
causes their surface area to decrease followed by a
decrease of the interface between the zinc oxide
and other components of the crosslinking system.
As a result, zinc oxide was observed to be less effi-
cient as an activator of sulphur vulcanization.
Moreover, agglomerates of zinc oxide particles
may be responsible for local increases in crosslink
density in vulcanizates, which may initiate break-
ing of the sample under external stress.
Zinc chelate particles, on the other hand, are
homogenously distributed in the elastomer (Fig-
ures 10b–10f). The estimated size of zinc complex
particles seems to be in the nanometer range, which
makes their surfaces available for interactions. This
is why their interactions with sulphur and accelera-
tors are more efficient. Despite homogenous dis-
persion of particles, vulcanizates containing zinc
complexes have more heterogeneous networks than
vulcanizates crosslinked with zinc oxide as activa-
tor. The reason is that SEM micrographs show only
the ‘macro-dispersion’, which is not identical with
uniformity of the zinc ions concentration. The dif-
ferences in dispersion of nanosized zinc oxide and
zinc complexes are due to their different solubility
and miscibility with elastomer as well as high sur-
face energy of zinc oxide nanoparticles that results
in their agglomeration [22].
4. Conclusions
Zinc acetylacetonate and zinc complexes with 1,3-
diketones were used as activators for sulphur vul-
canization of NBR.
We conclude that zinc complexes are good substi-
tutes for ZnO as activators in sulphur vulcanization
of butadiene-acrylonitrile rubber, without any
detrimental effect on the crosslinking rate, or phys-
ical properties of vulcanizates. The slight decrease
in crosslinking density of vulcanizates and effi-
ciency of crosslinking process did not influence
their mechanical properties. Zinc 1,3-diphenyl-
propane-1,3-dione (BM-Zn) and zinc 1-(4′-t-butyl-
phenyl)-3-phenylpropane-1,3-dione (BBM-Zn)
were the most effective as crosslinking activators.
The lower efficiency of zinc acetylacetonate and
other examined zinc chelates is related to the stabil-
ity of the complexes. In the more stable zinc com-
plexes, the zinc ions are less available to form the
active sulphurating agent (the zinc-accelerator
complex that can react with allylic sites of elas-
tomers unsaturations to form the crosslink precur-
sor). Moreover, the steric hindrance of methoxy
groups and t-butyl chains in a complex molecule
of MBBM-Zn and MMBM-Zn seemed to reduce
the availability of zinc ions during vulcanization.
As a general conclusion, we claim that zinc com-
plexes with β-diketones applied in the crosslinking
process help obtain vulcanizates with properties
similar to those with nanosized ZnO. This reduces
the amount of zinc ions applied by 40% compared
to zinc oxide. This is particularly relevant as reduc-
ing the use of Zn2+ ions is an important ecological
goal.
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